In contrast to rapid progress in the molecular biology of olfaction, there are few physiological data to characterize the odor response properties of different populations of olfactory receptor neurons (ORNs) and their spatial distributions across the epithelium, which is essential for understanding the coding mechanisms underlying odor discrimination and recognition. We have tested the hypothesis that the ORNs are arranged in a functional mosaic, using an intact epithelial preparation from the mouse, in which odor responses of many ORNs in situ can be monitored simultaneously with calcium imaging techniques. ORNs responding to a given odor were widely distributed across epithelium and intermingled with ORNs responding to other odors. Tight clusters of ORNs responding to the same odor were observed. For a given odor, more ORNs were recruited when the concentration was increased. ORNs were able to distinguish between pairs of enantiomers by showing distinct but somewhat overlapping patterns. The results provide evidence regarding the response spectra of ORNs in situ, supporting the combinatorial coding of odor quality and intensity by different ORN subsets.
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T he mammalian olfactory system has the remarkable ability to discriminate among thousands of odor molecules. In contrast to other sensory systems, such as visual and somatosensory, in which the spatial information of the sensory input is encoded and processed by neural space, the olfactory system processes a basically nonspatial modality. We want to test how the neural space in the olfactory epithelium, with subsequent projection to the olfactory bulb and cortex, is used to encode the nonspatial olfactory input.
The molecular basis for the spatial organization of the olfactory system has emerged recently from a series of studies, starting with the cloning of olfactory receptor genes (1) . It is generally believed that a single olfactory receptor neuron (ORN) expresses only one (or at most a few) of a repertoire of 1,000 receptor genes (2) (3) (4) (5) (6) . The ORNs that express a given receptor gene send their axons to a pair of glomeruli to form a highly organized topographic map in the olfactory bulb (7) (8) (9) . In the epithelium, the ORNs expressing a particular receptor gene are selectively distributed in one among four spatially distinct zones, where they are widely dispersed and intermingled with other subtypes of ORNs within each zone (2, 3, 10, 11) .
In parallel with the finding of the zonal expression of olfactory receptor proteins, broad topographic patterns of responsiveness to odor molecules in rodent olfactory epithelium have been demonstrated by both eletroolfactogram (EOG) recordings (12) (13) (14) (15) and voltage-sensitive dye imaging (16, 17) . These studies have resolution at the regional level, by recording the summated activities of many ORNs. There is a critical need to obtain resolution at the cellular level, by relating the physiological responses of individual ORNs to their molecular properties.
To begin to obtain such information, we have applied calcium imaging techniques to a recently developed intact preparation of mouse olfactory epithelium (18) . This has allowed us to record simultaneously the odor responses from up to several hundred dendritic knobs of ORNs at the resolution of individual cells with their spatial relations intact. The results provide evidence for a functional mosaic of ORNs responding to different odors. We have characterized the properties of ORNs responding to odors with distinct chemical structures, different intensities, and different enantiomers and discussed their implications in the peripheral coding of odor quality and intensity.
Materials and Methods
Intact Epithelial Preparation. The method has been described in detail (18) . Briefly, female adult C57BL͞6 mice (4-16 weeks) were anesthetized by injection of ketamine (500 mg͞kg of body weight) and decapitated. Swatches of olfactory epithelia were peeled off the underlying bone in the nasal cavity and kept in oxygenated saline, which contained 124 mM NaCl, 3 mM KCl, 1.3 mM MgSO 4 , 2 mM CaCl 2 , 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 15 mM glucose, pH 7.6 and 305 mOsm. A small sheet of epithelium was transferred to a recording chamber with mucus layer facing up. The dendritic knobs of ORNs were visualized through an upright infrared differential interference contrast microscope (Olympus BX50WI) equipped with a ϫ40 waterimmersion objective and a cooled CCD-300-RC camera (Dage-MTI, Michigan City, IN) for patch clamping or a SensiCam camera for calcium imaging. Oxygenated saline was continuously perfused into the recording chamber at a rate of about 3 ml͞min throughout the experiments. All experiments were carried out at 25 Ϯ 2°C. a 5 mM stock solution in DMSO with 20% Pluronic F-127 (Molecular Probes) and then diluted to a loading solution of 10-20 M by adding saline. Olfactory epithelia attached to the septal wall were kept in the loading solution for 20-40 min, followed by a washing-out period of at least 20 min, before they were transferred to a recording chamber and stabilized by a customized net. The calcium imaging system consisted of a SensiCam super VGA Camera (PCO, Kelheim, Germany) mounted on an upright microscope (BX50WI) equipped with fluorescence attachment (Olympus BX-FLA), a green light filter set (XF22, Omega Optical, Brattleboro, VT), a Xenon short arc lamp (USHIO, Tokyo), and IMAGING WORKBENCH 2.1 (Axon Instruments, Foster City, CA) as software running on a PC (Dell). Odor stimulation (4-5 sec) was applied through bath perfusion by using a custom-designed gravity perfusion system. The interstimulus interval was 3-5 min. The time courses of the onset ( ϭ 1.4 s) and decay ( ϭ 3.3 s) of the odor delivery system were estimated by measuring the changes of light transmission when saline containing 0.5% of food color was perfused. This test also revealed the relatively even application of ligands within the viewing area.
Efforts were made to find a positive control for the mouse ORNs in the intact epithelial preparations during calcium imaging recordings. High K ϩ solution (100 mM K ϩ instead of Na ϩ in saline) failed to serve as an indicator of cell viability in this preparation as in the study of dissociated ORNs (19) , because it introduced movement artifacts during perfusion. IBMX (3-isobutyl-1-methyl-xanthine), a potent inhibitor of phosphodiesterase, did not serve as an effective positive control for two reasons. First, only half of rodent ORNs responded to IBMX in patch clamp studies (18, 20) . It has been reported that signal transduction pathways other than cAMP pathway may exist in rodent ORNs (21, 22) . Second, in the patch clamp studies, IBMX could be rapidly applied and then quickly removed, because it was directly puffed onto the knob and cilia through a pipette (18) . In contrast, slow bath perfusion in the imaging studies led to dilution of ligands at the site of action. Therefore, much higher concentrations of IBMX in the reservoir were needed to achieve 300 M in the bath, which tended to produce movement artifacts during perfusion.
To make sure that the cells were alive and the responses we recorded were real, we performed other control experiments. When 0.04% trypan blue solution was used to test the viability of neurons after the preparation was loaded with calcium green-1, no double-labeled cells were found (data not shown). This indicated that cells loaded with calcium-sensitive dyes should be alive (23) . Applying saline did not induce fluorescence changes and removal of Ca 2ϩ by perfusing low Ca 2ϩ saline (0 Ca and 10 mM EGTA) eliminated the fluorescence changes during odor stimulation. Virtually the same patterns of responsive cells were recorded when two identical stimuli were sequentially delivered to one preparation. Cells responded to a given odor at lower concentrations almost always responded to the same odor at higher concentrations (see Results). We may have underestimated the percentage of responsive cells because of the lack of a suitable positive control in the preparation. This is unlikely to affect the main conclusions drawn from the current study.
Data Analysis. Calcium imaging data were acquired at 0.5-1 Hz with five frames as baseline before the onset of odor delivery. The fluorescence changes were calculated for individual dendritic knobs of mouse ORNs as follows:
, where F 1 and B 1 were fluorescence in the knob and background, respectively, and F 0 and B 0 were fluorescence at the beginning of the experiment, which were averaged from the first five control frames. Each knob corresponded to Ϸ20 pixels. An ORN was considered to respond to odor stimulation when ⌬F͞F was more than 4%, which gave the confidence level above 95% (or P Ͻ 0.05), because the maximum noise level was less than 2%. The relative size of ⌬F͞F was not used as a criterion to define the strength of a response; in other words, the response of an ORN was considered to be all or none. This simplified the analysis by excluding any possible effects caused by saturation of calcium-sensitive dyes in such small compartments as the dendritic knobs or by adaptation during repetitive stimulations.
Results
Odor Responses of Single ORNs Recorded by Patch Clamp. As described (18), the intact olfactory epithelial preparation permitted visualization of the dendritic knobs of mouse ORNs under infrared differential interference contrast microscopy. As seen in an en face view (Fig. 1A) , the olfactory epithelium was characterized by the numerous dendritic knobs of ORNs filling the areas between large supporting cells; the evenly distributed openings of Bowman's glands were also visible.
We first tested the capabilities of individual ORNs in the intact epithelial preparations to respond to different odors by patch clamping on in situ knobs (Fig. 1B) . Six different odors at 300 M were sequentially puffed onto the epithelial surface. Of 25 cells, five responded to only one odor, one responded to two odors, and one responded to three odors with different amplitudes (Fig.  1B1) . The raw data from cell no. 22 is shown; the cell responded only to cineole (Fig. 1B2) . Even with the limited numbers of cells and odors tested, one can see that a single ORN can respond to different odors with distinct chemical structures (nos. 3 and 17); and a given odor (cineole) can be recognized by different subsets of ORNs. For instance, nos. 5 and 22 had different response spectra from both no. 3 and 17, despite the fact that they all responded to cineole.
Although this approach, involving patch clamping the dendritic knobs of ORNs, can provide information about how single ORNs respond to different odors, it is technically difficult and cannot efficiently provide information about spatial relations between ORNs responding to different odors. This led us to apply imaging methods to record many ORNs simultaneously.
Mosaic Organization of ORN Subsets Revealed by Calcium Imaging.
Basic response properties. The intact epithelial preparation allowed us to visualize large populations of dendritic knobs simultaneously, which made it possible to monitor odor responses from a group of ORNs with their spatial relations intact by using calcium imaging. After a swatch of epithelium was loaded with calcium-sensitive dye, up to 400 dendritic knobs could be seen as bright spots under fluorescence illumination in a viewing area of 215 m by 172 m (Fig. 2A) . No supporting cells were labeled. The fluorescence intensity changes (⌬F͞F) of individual dendritic knobs were measured in response to a 4-sec odor stimulus containing 10 M of each of the six odors listed in Fig. 1B . Thirty of 216 cells responded by showing increased fluorescence intensity (Fig. 2 B and C) .
Comparisons between fluorescent and transmitted images confirmed that the bright spots were identical with dendritic knobs (Fig. 2D) . Furthermore, they could be easily distinguished from other nonknob fluorescent objects, such as the openings of Bowman's glands. Control experiments established that the fluorescence changes during odor stimuli were likely caused by Ca 2ϩ entry and not mechanical responses to the odor application, because applying saline did not generate such responses and removal of Ca 2ϩ eliminated the responses (Fig. 2E ). Spatial patterns evoked by different odors. A mosaic arrangement of rodent ORNs expressing a given receptor gene subfamily within one zone has been shown by in situ hybridization (2, 3, 10) . However, the spatial distribution of ORNs responding to a given odor has not been reported. For this purpose, we recorded simultaneously the responses of ORN populations induced by different odors. The epithelium attached to the septal wall was used because it is relatively easy to map the physical position of each recorded area and relate them to the gene expression zones. For instance, areas in the dorsal aspect are likely from the most dorsal zone (zone 1, ref. 2; Fig. 3A) .
The data obtained in 12 viewing areas from 12 different preparations are summarized (Fig. 3 A and B) . Two examples, areas no. 8 and no. 12, are shown in Figs. 4 and 5, respectively. ORNs responding to a given odor were widely distributed and intermingled with other subtypes of ORNs (Figs. 4B and 5B), suggesting a functional mosaic similar to the molecular mosaic of ORNs expressing the same receptor gene. However, closer inspection revealed several aspects of the functional mosaic that were of particular interest.
First, the distribution of the responsive ORNs appeared not to be restricted within one zone. ORNs responding to all of the odors tested here were found in both the dorsal and ventral aspect of the septal epithelium, across different gene expression zones ( Fig. 3 A and B) . This contrasts with the restriction of ORNs expressing a given receptor within a given zone.
Second, compared with the low percentage (0.1%) of ORNs expressing a given receptor gene, the percentage of ORNs responding to a given odor was much higher. Although the numbers varied among different preparations, the averaged percentage was 4-9% (Fig. 3B) . The n-amyl acetate responsive cells in viewing area no. 12 reached 16% for higher odor concentrations (Figs. 3 and 5) . In all of the preparations tested, different odors induced distinct but somewhat overlapping patterns. Even with the limited set of odors tested, cells responding to more than one odor were regularly observed. In the experiment shown in Fig. 4 , nine of 43 responsive cells responded to multiple odors. The implications of these results for odor encoding by ORNs are discussed later.
Third, in contrast to the random distribution reported for ORNs expressing a given receptor in the rat and mouse (2, 3), the functional mosaic of ORNs responding to a given odor in the mouse often showed some degree of clustering. Examples of two adjacent cells responding to a common stimulus were found in almost every preparation and with all of the odors tested. Tight clusters of up to five ORNs were observed in some cases. For instance, there appeared to be clustering of cells responding to n-amyl acetate and octanal in the experiment shown in Fig. 4 . In the cluster responding to n-amyl acetate (green), these cells were arranged in a semicircle around the perimeter of a supporting cell when examined under the microscope (cf. Fig. 1 A2) . A simple hypothesis would be that these clustered cells come from a common precursor cell and express the same or similar receptor genes to give similar response spectra.
Selections for functional groups. It has been hypothesized that functional groups in chemical compounds are essential in determining their binding properties to receptors, supported by both physiological recordings (5, 19) and computational modeling (24). Here we tested how ORNs in the intact epithelium responded to odors with different functional groups but similar carbon chain length, specifically, heptanol (7-OH), octanol (8-OH), heptanal (7-CHO), octanal (8-CHO), heptanoic acid (7-COOH), and octanoic acid (8-COOH). The odors were presented individually or as mixtures of two with the same functional group, such as 7-OH and 8-OH, etc. The data are summarized according to the tuning specificity of ORNs to different functional groups (Fig. 3C) . In total, 102 of 1,846 cells from 14 preparations responded to any one of the six odors mentioned above. Of the 102 responsive cells, 79 responded specifically to one of the three functional groups, i.e., 22 to alcohol, 38 to aldehyde, and 19 to carboxylic acid only. Nineteen ORNs responded to any combination of two functional groups, i.e., four to alcohol͞aldehyde, eight to alcohol͞acid, and seven to aldehyde͞acid. Four cells responded to all chemicals with three different functional groups. The fact that cells responding to any combination of all three functional groups are present suggests that there are a variety of ORN subtypes contributing to the recognition of odors containing these functional groups.
Effects of odor concentrations. Individual ORNs respond to stronger odor stimuli with increased currents as seen in doseresponse curves obtained by patch-clamp recordings (18, 25, 26) ; comparable results have been obtained by using calcium imaging of dissociated cells (19) . We tested the hypothesis that olfactory epithelia respond to stronger stimuli by recruiting more ORNs. This is demonstrated clearly in Fig. 5A . Six cells responded to 1 M n-amyl acetate, whereas 13 more cells responded to 50 M. Mouse ORNs respond to stronger stimuli by increasing responses from individual cells and recruiting more cells, presumably because of the broad tuning and different affinities of these receptors in binding odor molecules.
Responses to pairs of enantiomers. We tested the ability of mouse ORNs to distinguish between two pairs of enantiomers. Fig. 6 shows the result from an experiment where (ϩ) and (Ϫ) carvone at 1 or 50 M were presented. Eleven ORNs responded to (Ϫ) carvone at 1 M, and four of the 11 cells responded to (ϩ) carvone, too. When the concentration was increased to 50 M, these two isomers still evoked quite different patterns. Although a common glomerulus is reported to be activated by both (ϩ) and (Ϫ) carvone in the rat olfactory bulb (27) , the different patterns of responsive cells to the two isomers in the mouse epithelium (Fig. 6 ) lead us to believe that there must be some glomeruli activated by only one of the two isomers. Similar to carvone, (ϩ) and (Ϫ) limonene elicited distinct but somewhat overlapping patterns of responsive ORNs (data not shown). These data indicate that different enantiomers are also distinguished by combinations of ORN subsets in the epithelium.
Discussion Imaging Odor Responses in the Intact Epithelium and its Potential
Applications. There are several advantages of the recording method used in this study. The ORNs in the intact epithelial preparation are closer to in vivo physiological conditions than dissociated ORNs (18) . Presumably only mature ORNs are examined and recorded here because the preparation is viewed from the surface (ref. 28 ; cf. Fig. 1 A) . The recordings are made from the dendritic knobs, which are close to the cilia where olfactory signal transduction takes place. The calcium changes in the dendritic knobs have been recorded in dissociated vertebrate ORNs (29) (30) (31) (32) . Most importantly, the activities of hundreds of ORNs can be monitored simultaneously at the resolution of individual cells.
Physiological studies can potentially be carried out on these preparations with known locations in different olfactory receptor expression zones, with maintained spatial relations among neighboring ORNs. By preventing loss of cells during dissociation, the preparation is especially useful in studies carried out in gene-targeted mice in which molecular markers are introduced into the olfactory epithelium. This method has the potential to be a valuable tool to study peripheral coding of olfactory information by providing physiological data with greater efficiency than would be possible by other methods.
Implications of the Functional Mosaic Organization of ORNs for
Peripheral Coding. In the present study, we have demonstrated the mosaic organization of ORNs responding to different odors by applying calcium imaging to the intact olfactory epithelial preparation. ORNs responding to a given odor are widely distributed in the epithelium and intermingled with ORNs responding to other odors. Different odors evoke distinct but somewhat overlapping patterns in the epithelium. These results strongly support the hypothesis that odor quality and intensity are encoded by multiple combinations of ORN subsets.
How is odor quality encoded in the epithelium? A key issue in olfactory coding is how broadly the receptors are tuned. This is not an easy question to address because of the tremendous numbers we have to deal with, i.e., millions of ORNs and thousands of odors. In this study, we have tried to answer this question from another point of view: for a given odor, how many receptors can respond?
Approximately 0.1% neurons express a single receptor gene, given the assumptions that an individual neuron only expresses a single receptor gene (4) (5) (6) , that there are about 1,000 receptor genes (1) and that the total number of neurons expressing a given gene is similar among different genes. This is supported by results from in situ hybridization (2, 3, 10, 33) . However, in our study the percentage of neurons responding to a given odor ranged from 4% to 9%, i.e., much higher than 0.1%, and these neurons were widely distributed, across different gene expression zones (Fig. 3) . Even though these ORNs can respond to a common stimulus, it is likely that they express different receptor genes, and they share some overlapping in their response spectra because of the broad tuning of the expressed receptor proteins. We therefore estimate that approximately 40-90 different receptors are able to respond to a given odor under the conditions in the current study. This implies clearly that the quality of an odor is determined by the combinations of a variety of ORN subsets in the epithelium. This broad tuning of receptor neurons is supported by calcium imaging studies on dissociated mouse ORNs (5, 19, 34) and single-unit recordings from in vivo ORNs in rat (35) .
In contrast, recent evidence from functional expression of olfactory receptor genes has pointed to relatively narrowly tuned receptors (6, (36) (37) (38) (39) . The apparent difference in the degree of olfactory receptor specificity obtained by physiological recordings and functional expression could be caused by several factors. The two approaches may be dealing with different and limited sets of odors and receptors under different experimental conditions. It is possible that broadly tuned receptors have not been found in the functional expression studies, and narrowly tuned ORNs are difficult to identify in the physiological studies. Alternatively, ORNs may indeed have broader response spectra than individual expressed receptor proteins, because of expression of multiple receptor genes in ORNs (40) , or some unknown modifications of receptor proteins under physiological conditions. These questions will require further investigation.
How is odor intensity encoded in the epithelium? There is evidence for at least two mechanisms in coding odor concentrations at the epithelial level. For a single ORN, a stronger response is elicited by a stronger stimulus within a certain concentration range (18, 19, 25, 26) . For an area of epithelium, more ORNs are recruited in responding to stronger odor stimuli, presumably because these ORNs can respond to the same odor but with higher thresholds (Figs. 5A and 6A ). If these ORNs express the same receptor gene but have different thresholds to a given odor because of some intrinsic mechanisms, such as different maturity stage, one may predict stronger odor stimuli will cause stronger activity at the glomeruli in the olfactory bulb, but with a similar map as weaker stimuli. On the other hand, if the different thresholds of these ORNs in responding to a given odor are because of the different receptor genes they express, one may predict that stronger odor stimuli will both induce stronger activity and recruit more glomeruli than weaker stimuli. The second possibility is supported by both 2-deoxyglucose mapping and optical imaging from the olfactory bulb (27, 41) . With increased odor concentration, stronger activity for a given glomerulus and activities from more glomeruli are recorded. As with odor quality, odor intensity is encoded by combinations of ORN subsets.
